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Abstract
We study the Higgs boson mass and the muon anomalous magnetic moment (the muon
g − 2) in a supersymmetric standard model with vector-like generations. The infrared
physics of the model is governed by strong renormalization-group effects of the gauge
couplings. That leads to sizable extra Yukawa couplings of Higgs doublets between the
second and vector-like generations in both quark and lepton sectors. It is found with
this property that there exist wide parameter regions where the Higgs boson mass and
the muon g − 2 are simultaneously explained.
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1 Introduction
The discovery of the Higgs boson by the ATLAS and CMS collaborations of the LHC gives big
impacts on particle physics [1, 2]. All the elementary particles of the Standard Model (SM) with
gauge symmetry SU(3)× SU(2)×U(1) are experimentally confirmed.
Supersymmetry (SUSY) provides one of the most attractive candidates for the theory beyond the
SM. In the Minimal Supersymmetric Standard Model (MSSM) with low-energy supersymmetry [3],
three gauge couplings are unified at a high-energy scale and the lightest superpartner of SM particles
would be dark matter in the Universe. Furthermore the electroweak symmetry breaking is naturally
triggered around the Fermi scale [4] and is stabilized by the cancellation of quantum corrections.
We focus on two important physical quantities: the Higgs boson mass and the muon anomalous
magnetic moment (the muon g − 2). The Higgs boson mass was determined to be around 125
GeV by the LHC experiments. In the MSSM, it is well known that the Higgs mass is below the Z
boson mass at tree level and can be raised by the radiative correction from the O(1) top Yukawa
coupling [5, 6]. The Higgs mass generally becomes large when the SUSY breaking (in the top
sector) is large since the cancellation of divergences is weakened. The muon g− 2, which is defined
by aµ = (g − 2)µ/2, shows the discrepancy between the experimental result and the SM prediction
that indicates new physics beyond the SM. The discrepancy is above 3 sigma and quantified as
∆aµ ≡ aµ(exp) − aµ(SM) = (28.1 ± 8.0) × 10−10 [7, 8]. The muon g − 2 generally becomes small
when the SUSY breaking (in the muon sector) is large [9, 10] due to the decoupling property. It is
noticed that these two quantities have the opposite dependences on SUSY breaking (the masses of
superpartners). This fact leads to a problem in the MSSM that two experimental results are not
simultaneously explained for universal SUSY-breaking parameters, e.g. the minimal supergravity
mediation [11].
In this work, we consider the effect of extra vector-like generations to the above problem. It
is known that light vector-like matter fermions are consistent with the precision electroweak mea-
surements, while only the 4th (chiral) generation is not [12]. Further, with (a pair of) vector-like
generations, the gauge coupling unification is preserved [13,14]. The gauge couplings in high-energy
regime are larger than those of the MSSM and hence the renormalization-group (RG) running is
governed by the gauge sector. As a result, the ratios of Yukawa and gauge couplings have strong
convergence to their infrared-fixed point values. It is therefore possible to determine Yukawa (and
other) couplings at low-energy [15] which are insensitive to high-energy initial values with the strong
convergence property [14, 16]. In Ref. [17], we show that the fixed-point behavior determines the
matrix forms of Yukawa couplings for the up-type, down-type quarks and charged leptons with the
vector-like generations. A notable fact in these Yukawa matrices is that the Higgs boson and the
muon have sizable couplings to the vector-like generations. In this paper, we focus on these Yukawa
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matrices and evaluate the contributions of vector-like generations to the Higgs boson mass and the
muon g − 2.
The organization of this paper is as follows. In Section 2, we introduce vector-like generations
and explain our model. The RG behaviors of gauge and Yukawa couplings are discussed and the
realistic forms of Yukawa matrices are determined by the fixed-point property. In Section 3, we
give the analytic formulae of the Higgs boson mass and the muon g − 2 in the model. In Section
4, we first describe the RG property of SUSY-breaking parameters on which the Higgs mass and
the muon g − 2 depend. We then show the parameter regions where the Higgs mass and the muon
g − 2 are explained simultaneously, and compare our model with the MSSM. The final section is
devoted to the conclusion.
2 Model
We introduce a pair of vector-like generations (i.e. the 4th and 5th ones) to the MSSM. The
(super)fields for the MSSM part are
Qi, ui, di, Li, ei, (i = 1, · · · , 3) (2.1)
Hu, Hd, (2.2)
where Qi and Li are the SU(2) doublets of quarks and leptons, ui, di and ei are the SU(2) singlets
of up-type, down-type quarks and charged leptons, respectively. The Higgs doublets are denoted
by Hu and Hd. The (super)fields for the vector-like generation part are
Q4, u4, d4, L4, e4, (2.3)
Q¯, u¯, d¯, L¯, e¯, (2.4)
Φ. (2.5)
The quantum charges of these superfields are summarized in Table 2.1. The chiral superfields in
(2.3) have the same charges as the MSSM generations, and those in (2.4) have the opposite charges.
These pairs with opposite charges are called vector-like generations. The field Φ in (2.5) is a gauge
singlet under the SM gauge transformation. The superpotential in the model is
W =
∑
i,j=1,··· ,4
(
yuijuiQjHu + ydijdiQjHd + yeijeiLjHd
)
+ µHHuHd
+ yu¯ u¯Q¯Hd + yd¯ d¯Q¯Hu + ye¯ e¯L¯Hu +MΦ
2 + Y Φ3
+
∑
i=1,··· ,4
(
YQiΦQiQ¯+ YuiΦuiu¯+ YdiΦdid¯+ YLiΦLiL¯+ YeiΦeie¯
)
. (2.6)
2
SU(3) (SU(2), U(1))
Q4 3 (2,
1
6)
u4 3
∗ (1, −23 )
d4 3
∗ (1, 13)
L4 1 (2,
−1
2 )
e4 1 (1, 1)
Q¯ 3∗ (2, −16 )
u¯ 3 (1, 23)
d¯ 3 (1, −13 )
L¯ 1 (2, 12)
e¯ 1 (1, −1)
Φ 1 (1, 0)
Table 2.1: The chiral superfields and their quantum numbers under the SM gauge group.
The first two lines show the Yukawa interactions of five-generation matter fields. The interactions
in the third line generate vector-like mass terms when the scalar component of Φ develops a vacuum
expectation value. In addition, the soft SUSY-breaking terms are given by
−Lsoft =
[ ∑
i,j=1,··· ,4
(auij u˜iQ˜jHu + adij d˜iQ˜jHd + aeij e˜iL˜jHd) + bHHuHd
+ au¯ ˜¯u
˜¯QHd + ad¯
˜¯d ˜¯QHu + ae¯ ˜¯e
˜¯LHu + bMΦ
2 +AY Φ
3
+
∑
i=1,··· ,4
(AQiΦQ˜i
˜¯Q+AuiΦu˜i ˜¯u+AdiΦd˜i
˜¯d+ALiΦL˜i
˜¯L+AeiΦe˜i ˜¯e) + h.c.
]
+ Q˜†m2QQ˜+ L˜
†m2LL˜+ u˜m
2
uu˜
† + d˜m2d d˜
† + e˜m2e e˜
† +m2HuH
∗
uHu +m
2
Hd
H∗dHd
+m2Q¯
˜¯Q∗ ˜¯Q+m2L¯
˜¯L∗ ˜¯L+m2u¯ ˜¯u˜¯u
∗ +m2d¯
˜¯d ˜¯d∗ +m2e¯ ˜¯e˜¯e
∗ +m2ΦΦ
∗Φ
+
1
2
(
M3g˜g˜ +M2W˜W˜ +M1B˜B˜ + h.c.
)
, (2.7)
where the fields with tilde mean the scalar components of matter superfields, and g˜, W˜ and B˜
represent the gauginos for SU(3), SU(2) and U(1) gauge groups, respectively.
After the electroweak symmetry breaking, the mass matrices for the five-generation quarks and
3
leptons are given by
mu =

u1L · · · u4L u5L
u1R
... yuijvu YuiV
u4R
u5R YQjV yu¯ vd
, (2.8)
md =

d1L · · · d4L d5L
d1R
... ydijvd YdiV
d4R
d5R YQjV yd¯ vu
, (2.9)
me =

e1L · · · e4L e5L
e1R
... yeijvd YeiV
e4R
e5R YLjV ye¯ vu
, (2.10)
where vu, vd and V are the vacuum expectation values of the scalar components of Hu,Hd and Φ,
respectively. Here and hereafter, we denote the fields in the “5th” generation superfields (2.4) by
those with the indices “5”. For example, the fermions in the superfield Q¯ are (u5R)
C and (d5R)
C ,
and that in u¯ is u5L (the subscripts L and R mean the chirality). The corresponding scalar partners
are denoted by the fields with tildes such as u˜5L. The singlet expectation value V is assumed to
be a bit larger than the electroweak scale (V  vu, vd) since the vector-like generations should be
heavy to evade experimental bounds such as flavor constraints.
Hereafter, we call the present model including vector-like generations as the Vector-like Matter
Supersymmetric Standard Model (VMSSM).
2.1 Gauge coupling unification
The VMSSM is quite different from the MSSM with respect to the RG running of coupling constants.
In particular, the one-loop RG equations for gauge couplings are given by
dgi
d(logµ)
= bi
g3i
16pi2
, (b1, b2, b3) =
(335 , 1,−3) (MSSM)(535 , 5, 1) (VMSSM) (2.11)
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Figure 2.1: Gauge coupling unification in the MSSM (red) and the VMSSM (blue and dashed black).
The red and blue lines are the one-loop RG running of αi = g
2
i /4pi (i = 1, 2, 3) and the dashed ones
are the two-loop running in the VMSSM. The horizontal axis denotes the renormalization scale µ.
where µ is renormalization scale and g1, g2 and g3 are the gauge coupling constants of U(1), SU(2)
and SU(3) gauge groups, respectively. In Fig. 2.1, we show the RG running of gauge coupling
constants αi = g
2
i /4pi for the MSSM (red lines) and the VMSSM (blue ones). The two-loop RG
running in the VMSSM is also shown by the dashed lines. The gauge coupling unification is kept
in the VMSSM and the unified gauge coupling constant is defined as
αGUT = α1(MGUT) = α2(MGUT) = α3(MGUT) (2.12)
where the scale MGUT of grand unified theory (GUT) is around 10
16 GeV. In the figure, the
unification scale in the VMSSM is found to be larger than the MSSM due to the two-loop RG effects
of gauge couplings [14]. Further, the unified gauge coupling constant in the VMSSM becomes larger
than the MSSM since the vector-like generations make the gauge couplings asymptotically non free.
The large coupling constants in the gauge sector govern the low-energy behavior of other model
parameters through the RG evolution. As will be seen later, this fact is important to analyze Yukawa
and SUSY-breaking parameters. We use in the numerical calculation the two-loop RG equations
for the gauge coupling constants and gaugino masses which are summarized in Appendix A.
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Figure 2.2: Typical RG flow of the 3rd generation Yukawa couplings yu33 (black), yd33 (red) and
ye33 (blue) normalized by g3. The three lines for each Yukawa coupling correspond to the initial
values 0.5, 1 and 2 from bottom to top. It is found that these Yukawa couplings have the strong
convergence property in the infrared regime.
2.2 Yukawa couplings at the unification scale
In this subsection, we consider possible forms of the quark and lepton Yukawa couplings at the
GUT scale. Due to the strong RG effect of gauge couplings, Yukawa couplings tend to have the
fixed-point behavior at low energy [18]. Fig. 2.2 shows the typical RG flow of Yukawa couplings
in case that yu33 , yd33 and ye33 are turned on. In the figure, all these couplings converge to their
fixed-point values and are determined independently of their initial values at high energy.1 By using
this feature, it is possible to specify the matrix forms of Yukawa couplings for matter fields, that is,
which elements can be non-vanishing at the GUT scale.
For the present purpose of calculating the Higgs boson mass and the muon g− 2, it is sufficient
to determine the Yukawa couplings except for the 1st generation. The matrix forms of Yukawa
1The predictions from infrared fixed points of RG equations are reliable only when the couplings indeed reach to
their fixed points around the electroweak scale. Such strong convergence behavior can be realized [16] in asymptotically
nonfree gauge theory (like the present VMSSM) and extra dimensional models, etc.
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 yˆ Yˆ αGUT MGUT MSUSY V tanβ
0.19 0.60 0.60 0.22 6.0× 1016 GeV 1.8 TeV 4.0 TeV 17
Table 2.2: The set of input values.
couplings from the 2nd to 5th generations are given by
up-type quarks :

2 3 4 5
2 3yˆ yˆ 3Yˆ
3 yˆ
4 yˆ Yˆ
5 3Yˆ Yˆ yˆ
, (2.13)
down-type quarks :

2 3 4 5
2 3yˆ yˆ 3Yˆ
3 yˆ
4 yˆ yˆ Yˆ
5 3Yˆ Yˆ
, (2.14)
charged leptons :

2 3 4 5
2 3yˆ 3yˆ 3Yˆ
3 3yˆ
4 3yˆ 3yˆ Yˆ
5 3Yˆ Yˆ
, (2.15)
where the blank entries mean 0, and each yˆ (Yˆ ) represents O(1) Yukawa coupling to the doublet
(singlet) Higgs fields. The parameter  is needed to reproduce the quark and lepton masses at
low energy, especially for the 2nd generation [17]. In the charged-lepton matrix (2.15), the Georgi-
Jarlskog factor [19] is utilized for the quark and lepton mass difference. We assume for simplicity that
all yˆ and Yˆ in the matrices (2.13)–(2.15) are the same at the unification scale. With the input values
listed in Table 2.2, we find the quark and lepton masses of 2nd and 3rd generations are properly
reproduced at the weak scale. The scale MSUSY is a typical threshold for supersymmetric particles,
and the ratio of the vacuum expectation values of Higgs doublets is defined as tanβ ≡ vu/vd. In
later sections, we will use these input values for the numerical analysis of the Higgs boson mass and
the muon g − 2.
There are two notable byproducts in the above forms of Yukawa matrices. First, in the matrix
(2.13), the up-type Yukawa couplings of the 2-4 and 4-2 elements are O(1), that is, the vector-
like generations strongly couple to the up-type Higgs field. This means that sizable radiative
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corrections to the Higgs boson mass arise from these couplings in addition to the ordinary top
Yukawa correction in the MSSM. Second, in the matrix (2.15), the 2-4 and 4-2 elements are O(1),
that is, the vector-like generations strongly couple to the muon field. The radiative corrections from
these couplings give the contribution to the muon g−2 in addition to the MSSM one. As mentioned
in the introduction, the experimental data of the Higgs boson mass and the muon g − 2 is difficult
to be explained simultaneously in the MSSM. The new contributions from the strongly-coupled
vector-like generations are expected to ameliorate the problem.
3 Analytic Formula
In this section, we present the analytic expressions for the one-loop radiative corrections to the
Higgs boson mass and the muon g − 2 in the VMSSM.
3.1 Higgs boson mass
The two Higgs doublets contain eight real scalar fields. Three of these are eaten to give masses to
the gauge bosons and the remaining five are physical bosons; two charged scalars, one pseudoscalar,
and two neutral scalars. Among them, it is well known in the MSSM that the tree-level mass of
the lightest neutral scalar is below the Z boson mass. This lightest scalar mass is however raised
up by including quantum corrections from the top and stop particles so that it becomes a plausible
candidate for the 125 GeV Higgs boson found by the LHC experiments. We evaluate the mass
of the lightest neutral scalar in the VMSSM, which is denoted by mh0 , by calculating the scalar
potential of the Higgs sector up to one-loop order. The quantum corrections to the Higgs mass
from vector-like generations were calculated in the literature [20,21]. We use the effective potential
method [22] as usual for the MSSM case. The one-loop correction to the Higgs potential is generally
given by
∆VH =
∑
X=u,d,e
10∑
i=1
2Nc
[
F (M2
X˜i
)− F (M2Xi)
]
, Nc =
3 (X = u, d)1 (X = e) (3.1)
where M2Xi and M
2
X˜i
are the squared-mass eigenvalues of fermions and scalars, respectively, which
are obtained by diagonalizing (2.8)-(2.10) for fermions (m†umu and mum
†
u, etc.) and (B.1)-(B.3) for
scalars. The function F is defined as
F (x) =
x2
64pi2
[
ln
(
x
µ2
)
− 3
2
]
, (3.2)
where µ represents the renormalization scale which is set to be MSUSY in evaluating the Higgs mass.
The one-loop correction to the lightest neutral scalar mass, ∆m2h0 , can be extracted from ∆VH by
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the formula [21]
∆m2h0 =
[
sin2 β
2
(
∂2
∂v2u
− 1
vu
∂
∂vu
)
+
cos2 β
2
(
∂2
∂v2d
− 1
vd
∂
∂vd
)
+ sinβ cosβ
∂2
∂vu∂vd
]
∆VH . (3.3)
3.2 Muon g − 2
In order to evaluate the muon g−2, we use the mass eigenstate basis for gauginos, charged leptons,
charged sleptons and neutral sleptons. First, we consider the 4 × 4 mass matrix for neutralinos
consisting of bino (B˜), neutral wino (W˜ 0) and neutral higgsinos (H˜0u and H˜
0
d). In the basis of
{B˜, W˜ 0, H˜0d , H˜0u}, the neutralino mass matrix Mχ0 is given by
Mχ0 =

M1 0 −g1vd/
√
2 g1vu/
√
2
0 M2 g2vd/
√
2 −g2vu/
√
2
−g1vd/
√
2 g2vd/
√
2 0 −µH
g1vu/
√
2 −g2vu/
√
2 −µH 0
 . (3.4)
Next we consider the mass matrix for charginos consisting of charged winos (W˜±) and charged
higgsinos (H˜+u and H˜
−
d ), where the charged winos W˜
± are defined as
W˜± =
i√
2
(W˜ 1 ∓ iW˜ 2). (3.5)
In the basis of {W˜−, H˜−d } and {W˜+, H˜+u }, the chargino mass matrix Mχ± is given by
Mχ± =
(
M2
√
2gvu√
2gvd µH
)
. (3.6)
These mass matrices are diagonalized as follows to obtain the muon interactions in terms of mass
eigenstates. We first diagonalize the neutralino mass matrix (3.4) by using a unitary matrix N
NMχ0N
† = diag
(
mχ01 ,mχ02 ,mχ03 ,mχ04
)
, (3.7)
where mχ0x (x = 1, . . . , 4) are the positive mass eigenvalues, and mχ0x < mχ0y if x < y. Similarly, the
chargino mass matrix (3.6) is diagonalized by using two unitary matrices J and K
JMχ±K
† = diag
(
mχ±1
,mχ±2
)
, (3.8)
where m±χx (x = 1, 2) are the positive mass eigenvalues, and mχ±1 < mχ±2 . Finally, we define the
diagonalization of mass matrices for the lepton sector
(UeRmeU
†
eL
)ij = mEiδij (i, j = 1, . . . , 5), (3.9)
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(Ue˜M
2
e˜U
†
e˜ )ab = m
2
E˜a
δab (a, b = 1, . . . , 10), (3.10)
(Uν˜M
2
ν˜U
†
ν˜ )αβ = m
2
N˜α
δαβ (α, β = 1, . . . , 5), (3.11)
for charged leptons, charged sleptons and neutral sleptons, respectively. Here, me is the charged
lepton mass matrix in Eq. (2.10), and M2e˜ and M
2
ν˜ are the charged slepton and neutral slepton
mass matrices in (B.3) and (B.4). Further we denote the mass eigenvalues mEi , mE˜a and mN˜a
for the mass eigenstates of charged leptons (Ei), charged sleptons (E˜a) and neutral sleptons (N˜α),
respectively. With these diagonalized basis at hand, the interaction terms of the muon, which are
needed to calculate the muon g − 2, are given by
L =
∑
a,x
E¯2(n
L
axPL + n
R
axPR)E˜aχ
0
x +
∑
α,x
E¯2(c
L
αxPL + c
R
αxPR)N˜αχ
±
x
+
∑
a
E¯2(s
L
aPL + s
R
a PR)E˜aχΦ + h.c., (3.12)
where PL = (1−γ5)/2 and PR = (1+γ5)/2. The mass eigenstate E2 corresponds to the muon field,
and χ0x and χ
±
x are the neutralinos and charginos. The fermion component of the singlet superfield
Φ is denoted by χΦ and called the phino in this paper. The coefficients in the Lagrangian (3.12)
are
nLax = −
4∑
i,j=1
yeij (UeR)i2(Ue˜)ajNx3 + ye¯(UeR)52(Ue˜)a,10Nx4
−
4∑
i=1
√
2g1(UeR)i2(Ue˜)a,i+5Nx1 −
g2√
2
(UeR)52(Ue˜)a5Nx2
− g1√
2
(UeR)52(Ue˜)a5Nx1, (3.13)
nRax =
4∑
i,j=1
yeij (UeL)j2(Ue˜)a,i+5Nx3 − ye¯(UeL)52(Ue˜)a5Nx4
+
4∑
i=1
[
g2√
2
(UeL)i2(Ue˜)aiNx2 +
g1√
2
(UeL)i1(Ue˜)aiNx1
]
+
√
2g1(UeL)52(Ue˜)a,10Nx1, (3.14)
cLax = −
4∑
i,j=1
yeij (UeR)i2(Uν˜)ajJx2 + g2(UeR)52(Uν˜)a5Jx1, (3.15)
cRax = ye¯(UeL)52(Uν˜)a5Kx2 −
4∑
i=1
g2(UeL)i2(Uν˜)aiKx1, (3.16)
sLa =
4∑
i=1
[
− Yei(UeR)i2(Ue˜)a,10 − YLi(UeR)52(Ue˜)ai
]
, (3.17)
10
sRa =
4∑
i=1
[
− Yei(UeL)52(Ue˜)a,i+5 − YLi(UeL)i2(Ue˜)a5
]
. (3.18)
In the VMSSM, the origins of SUSY contributions to the muon g − 2 are divided into 3 parts 2 :
neutralinos, charginos, and phino. The contribution from the phino is evaluated by the replacement
χ0 with χΦ in the neutralino diagram (with appropriate replacement of coefficients). We find the
SUSY contribution to the muon g − 2 in the VMSSM:
∆aSUSYµ = ∆a
χ0
µ + ∆a
χ±
µ + ∆a
χΦ
µ , (3.19)
where
∆aχ
0
µ =
∑
a,x
1
16pi2
[
mµmχ0x
m2
E˜a
nLaxn
R
axF
N
2 (r1ax)−
m2µ
6m2
E˜a
(
nLaxn
L
ax + n
R
axn
R
ax
)
FN1 (r1ax)
]
, (3.20)
∆aχ
±
µ =
∑
α,x
1
16pi2
[−3mµm±χx
m2ν˜a
cLαxc
R
αxF
C
2 (r2αx) +
m2µ
3m2ν˜α
(
cLαxc
L
αx + c
R
αxc
R
αx
)
FC1 (r2αx)
]
, (3.21)
∆aχΦµ =
∑
a
1
16pi2
[
mµmχΦ
m2
E˜a
sLa s
R
a F
N
2 (r3a)−
m2µ
6m2
E˜a
(
sLa s
L
a + s
R
a s
R
a
)
FN1 (r3a)
]
, (3.22)
with r1ax = m
2
χ0x
/m2
E˜a
, r2αx = m
2
χ±x
/m2
N˜α
, r3a = m
2
χΦ
/m2
E˜a
, and mµ is the muon mass. The
functions FN1,2 and F
C
1,2 are defined [10] by
FN1 (x) =
2
(1− x)4
(
1− 6x2 + 3x3 + 2x3 − 6x2 lnx) , (3.23)
FN2 (x) =
3
(1− x)3
(
1− x2 + 2x lnx) , (3.24)
FC1 (x) =
2
(1− x)4
(
2 + 3x− 6x2 + x3 + 6x lnx) , (3.25)
FC2 (x) =
−3
(1− x)3
(
3− 4x+ x2 + 2 lnx) . (3.26)
4 Numerical Result
In the following, we calculate the Higgs boson mass mh0 and the correction to the muon g − 2 by
using the results (3.3) and (3.19).
2Strictly speaking, the non-SUSY contribution from the vector-like leptons, which is denoted by ∆a4+4¯µ , has to be
taken into account. That is, in the VMSSM the new physics contribution to the muon g−2 should be ∆a4+4¯µ +∆aSUSYµ .
However we numerically find ∆a4+4¯µ becomes O(10−12) by evaluating it in accordance with Ref. [23], and drop it in
the following analysis.
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Figure 4.1: Typical RG flow of the scalar trilinear couplings au33 (red), au¯ (black) and ae24 (blue).
The three lines for each coupling correspond to the initial values A0 = −1.0, 0, 1.0 TeV from bottom
to top. It is found that these trilinear couplings have the strong convergence property in the infrared
regime.
4.1 SUSY-breaking parameters
As for the SUSY breaking scenario, we use the minimal gravity mediation [24] which leads to the
superpartner spectrum by assuming that all gaugino masses unify to m1/2 and all scalar soft masses
also unify to m0 at the GUT scale. The other relevant SUSY-breaking parameters is A0, which is
the universal scalar trilinear coupling at the GUT scale. In this paper, tanβ is fixed so that the
experimental data of the muon mass is obtained at the electroweak scale for fixed values of Yukawa
couplings. Furthermore, the sign of µH parameter is taken to be positive for the muon g−2 anomaly.
As a result, in the following analysis we have three SUSY-breaking free parameters: m1/2, m0 and
A0. Once these parameters are fixed together with the input values listed in Table 2.2, the resultant
low-energy physics is determined by solving the RG equations.
We here comment on typical property of scalar trilinear couplings in the VMSSM. Fig. 4.1 shows
the RG running of several trilinear couplings which are relevant to the Higgs boson mass and the
muon g− 2. The red and black lines mean the energy dependence of au33 and au¯ which would give
sizable radiative corrections to the Higgs boson mass. The blue lines show the energy dependence
of ae24 which would contribute to the muon g − 2. It is found that these trilinear couplings have
the strong infrared convergency as in the case of Yukawa couplings described in Fig. 2.2.
In the MSSM, it is known that the mass of the lightest neutral scalar depends on the trilinear
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coupling of stop [5]. In the VMSSM, taking into account the infrared convergence behavior, one
expects that the Higgs boson mass does not depend on the initial values of trilinear couplings at
high energy. Moreover, one might also consider that the same is true for the muon g − 2. We
will however show that the muon g − 2 depend on the universal trilinear coupling A0 in particular
circumstance, and discuss the reason in detail in Section 4.3.
4.2 Parameter dependence of Higgs boson mass
We first study the dependence of the Higgs boson mass mh0 on the SUSY-breaking parameters and
the stop mass. We also compare the contribution from the vector-like generations with that from
the MSSM sector. Figs. 4.2 show our mh0 results in various situations. The orange regions in these
figures reproduce the Higgs boson mass between 124.7 and 126.2 GeV. First, the upper left panel
shows the dependence on the universal gaugino mass m1/2, where the universal trilinear coupling
A0 is set to 0 GeV. The three black lines correspond to the universal scalar soft mass m0 = 250,
500, 1000 GeV from bottom to top. As seen from this panel, the Higgs boson becomes heavier when
m1/2 is larger. This is originated from the RG property that low-energy squark masses become
large when m1/2 is set to be large. It is also noted that mh0 becomes large as m0 increases. In the
upper right panel, we show the A0 dependence of mh0 , assuming m1/2 = 2150 GeV and m0 = 250,
500, 1000 GeV from bottom to top. As discussed in the previous subsection, the Higgs boson mass
does not depend on A0 due to the infrared convergence RG behavior of trilinear couplings.
In the lower left panel, we show the dependence of mh0 on the stop mass which is denoted by
mu˜3L . The orange region is explained if the stop mass is from 2.0 to 2.2 TeV. In the MSSM the stop
mass is needed to be 3 − 4 TeV to explain the Higgs mass around 125 GeV [25]. In the VMSSM,
however, mh0 is explained by a lighter stop than the MSSM. That is clearly seen in the lower right
panel which shows the Higgs boson mass including the radiative corrections from the VMSSM (red
line) and from the MSSM sector only (black line) with m0 and A0 being 250 and 0 GeV, respectively.
The black line is defined by taking the limit of large V which means the decoupling of vector-like
generations. In the VMSSM, the Higgs boson mass turns out to be explained by a smaller value of
m1/2, that is, lighter low-energy squarks than the MSSM. This is because there exists additional
radiative corrections from the vector-like generations which have sizable coupling to the Higgs fields.
4.3 Parameter dependence of muon g − 2
Next we study the parameter dependences of the SUSY contribution ∆aSUSYµ on the SUSY-breaking
parameters and the smuon mass. We also compare the contribution from the vector-like generations
with that from the MSSM sector. Figs. 4.3 show our ∆aSUSYµ results in various situations. The
blue regions explain the muon g − 2 anomaly within the 1σ level. First, the upper left panel of
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Figure 4.2: The dependence of the lightest Higgs mass mh0 on m1/2 (upper left), A0 (upper right),
and the stop mass (lower left). The lower right panel shows mh0 including the radiative corrections
in the VMSSM (red) and in the MSSM (black) with m0 = 250 and A0 = 0 GeV. The orange regions
represent the Higgs boson with a mass between 124.7 and 126.2 GeV. In the upper left panel, the
three lines are m0 = 250, 500, 1000 GeV from bottom to top, and A0 is fixed to 0 GeV. In the
upper right panel, the three lines are m0 = 250, 500, 1000 GeV from bottom to top, and m1/2 is
fixed to 2150 GeV.
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Fig. 4.3 shows the dependence on the universal gaugino mass m1/2, where the universal trilinear
coupling A0 is set to 0 GeV. The three black lines correspond to m0 = 250, 500, 1000 GeV from
top to bottom. As seen from this panel, the g− 2 contribution ∆aSUSYµ becomes smaller when m1/2
and m0 are larger. This is originated from the decoupling property in Eqs. (3.20)-(3.22) that the
SUSY contribution becomes small when the superpartners become heavy. In the upper right panel,
we show the A0 dependence of ∆a
SUSY
µ , assuming m1/2 = 2150 GeV, m0 = 250, 500, 1000 GeV
from top to bottom. An interesting A0 dependence is found in this panel: When scalar soft masses
are small (e.g. m0 = 250 and 500 GeV in the panel), the g − 2 contribution becomes larger as A0
increases. On the other hand, if scalar soft masses are large (m0 = 1000 GeV in the panel), the
g − 2 contribution is almost insensitive to A0. This behavior is understood in a following way. In
the charged slepton mass matrix (B.14), the off-diagonal mixing from the 1st to 4th generations
are given by aeijvd − µ∗Hyeijvu where the second term is dominant with large tanβ and the first
A-parameter-dependent term is ignored. On the other hand, the off-diagonal mixing with the 5th
generation takes the form AeiV +YeiY
∗|V |2 where both terms are similar order. If m0 is small, the
mixing with the 5th generation becomes nearly comparable with the diagonal part at low energy,
and one of the pair of vector-like particles becomes light after the diagonalization.
In the lower left panel, we show the dependence on the smuon mass which is denoted by me˜2L .
The blue region is explained if the smuon mass is around 1 TeV. In the MSSM that the smuon
mass is needed to be O(100) GeV to explain the anomaly. In the VMSSM, however, the deviation
of the muon g−2 is explained by a heavier smuon than the MSSM. This is clearly seen in the lower
right panel which shows the muon g − 2 contribution from the VMSSM (red line) and from the
MSSM sector only (black line). The definition of the black line is the large V limit and the same
as before. In the VMSSM, the muon g − 2 anomaly turns out to be explained by a larger value of
m1/2, that is, a heavier low-energy smuon than the MSSM. This is because there exists additional
contribution from the vector-like generations which have sizable coupling to the muon field.
We also show in Fig. 4.4 each g− 2 contribution from SUSY particles. The blue and green lines
represent the contributions from neutralinos and charginos, respectively. The phino contribution is
negligible (∆aχΦµ ∼ 10−11) in this figure mainly because the gauge couplings are absent in (3.17)
and (3.18). In the VMSSM with the parameter set of Table 2.2, it is found that the neutralino
contribution tends to be dominant than the chargino one. It comes from the superpartner spectrum
that a charged slepton of O(100) GeV exists, while the neutral sleptons are O(1) TeV. The concrete
mass spectrum are listed in the next section.
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Figure 4.3: The dependence of the muon g−2 contribution ∆aSUSYµ on m1/2 (upper left), A0 (upper
right) and the smuon mass (lower left). The lower right panel shows the muon g−2 in the VMSSM
(red) and in the MSSM (black) with m0 = 250 and A0 = 0 GeV. The blue regions explains the
deviation between the SM prediction and the experimental result within 1σ. In the upper left panel,
the three lines are m0 = 250, 500, 1000 GeV from top to bottom, and A0 is fixed to 0 GeV. In the
upper right panel, the three lines are m0 = 250, 500, 1000 GeV from top to bottom, and m1/2 is
fixed to 2150 GeV.
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Figure 4.4: The blue and green lines represent the muon g − 2 contributions from neutralinos and
charginos, respectively. The blue regions explains the deviation between the SM prediction and the
experimental result within 1σ.
4.4 Higgs boson mass and muon g − 2 in the VMSSM
Before estimating the Higgs boson mass and the muon g − 2, we comment on the experimental
bounds about the masses of vector-like generations and superparticles. For the fermion masses of
vector-like generations, the experimental lower bounds of quarks and charged leptons are roughly
given by 700 GeV and 100 GeV, respectively [26]. In the VMSSM, the 4-5 and 5-4 components of
Yukawa couplings in (2.13)-(2.15) are O(1) and the expectation value V is set to 4000 GeV. Thus
the quarks and leptons of vector-like generations respectively become O(1) TeV and about 200 GeV,
which satisfy the experimental bounds.
The gaugino, especially the gluino gives an important experimental bound on the superpartner
mass spectrum. This is because in the VMSSM the gauge couplings are asymptotically non free and
the universal gaugino mass is much larger than low-energy gaugino masses. The low-energy values
of gaugino mass parameters are shown in Fig. 4.5 where the horizontal dashed line means 800 GeV,
a rough lower experimental bound of gluino mass [26]. It is found that the universal gaugino mass
m1/2 should be taken above 1.9 TeV. The squarks of first two generations are roughly excluded with
masses below 1100 GeV, and the superpartners of the top and bottom quarks should be heavier
than 95 GeV and 89 GeV, respectively [26]. The lower left panel of Fig. 4.2 implies that the stop
mass in the VMSSM is about 2 TeV for the Higgs boson mass being around 125 GeV. Since the
RG evolution of squark mass parameters is governed by the strong gauge coupling, the other squark
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Figure 4.5: The mass parameters of bino (M1), wino (M2) and gluino (M3) at MSUSY for the
universal gaugino mass m1/2 at MGUT. The dashed line (800 GeV) represents a rough experimental
lower bound of the gluino mass.
masses are of the same order of the stop mass. Thus the parameter regions appropriate for the
Higgs boson mass and the muon g − 2 are allowed by the squark mass bounds in the VMSSM. For
the charged and neutral sleptons, the experimental mass bound is roughly given by 80 GeV [26]. As
seen from Fig. 4.3, the muon g− 2 anomaly is explained if the smuon mass is O(1) TeV. The other
soft mass parameters for sleptons have similar RG behaviors as the smuon and hence all sleptons,
except for the charged sleptons of vector-like generations, are O(1) TeV at low energy which satisfy
the experimental mass bound. As mentioned previously, one of the charged sleptons of vector-like
generations becomes O(100) GeV when the universal gaugino mass m1/2 and/or soft scalar mass
m0 are small. We take into account this slepton mass bound as well as the above gluon mass bound
in the following analysis.
In Fig. 4.6, we plot the contours of the Higgs boson mass and the muon g − 2 in the m1/2–m0
plane. The other mass parameter A0 is fixed to 0 GeV (left panel) and 1000 GeV (right panel).
The orange region of parameters reproduces the Higgs boson mass from 124.7 to 126.2 GeV. The
blue and green regions explain the muon g − 2 anomaly within the 1σ and 2σ level, respectively.
The black and gray regions are excluded by the experimental mass bounds of the gluino and the
charged sleptons of vector-like generations, respectively. It is found from the comparison between
A0 = 0 and A0 = 1000 GeV that the muon g − 2 is sensitive to A0 whereas the Higgs boson mass
is not. This is the parameter dependence mentioned in Subsections 4.2 and 4.3.
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Figure 4.6: The Higgs boson mass and the muon g − 2 anomaly in the VMSSM. The universal
trilinear coupling A0 is set to 0 (left) and 1000 GeV (right). The orange region reproduces the
Higgs boson mass, and the blue and green regions explain the muon g − 2 anomaly. The black and
gray regions are excluded by the mass bounds of the gluino and the charged sleptons of vector-like
generations. See the text for details. The cross marks (1)-(3) in the figures are the sample points
whose mass parameters and spectrum are summarized in Table 4.1.
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Point (1) Point (2) Point (3)
m1/2 2150 2000 2080
m0 130 400 450
A0 0 0 1000
M3 900.0 837.1 864
mχ01 185.5 172.6 177.6
mχ±1
340.8 317. 1 325.9
mu˜3L , mu˜3H 1926, 2433 1811, 2385 1898, 2383
mu˜4L,4H,5L,5H 2715− 3973 2641− 3874 2691− 3926
me˜2L , me˜2H 952.2, 1221 922.4, 1181 921.3, 1220
me˜4L 107.4 302.5 150.5
me˜4H,5L,5H 1129− 1860 1112− 1808 1119− 1862
mν˜2 1227 1186 1223
mν˜4,5 816, 1773 821, 1718 815, 1771
mh0 126.0 125.1 125.6
∆aSUSYµ 26.1× 10−10 12.1× 10−10 21.1× 10−10
Table 4.1: The sample points in the VMSSM. All the mass parameters are given in unit of GeV.
We discuss how the vector-like generations contribute to the Higgs boson mass and the muon g−2
by comparing the VMSSM results with the MSSM. Several patterns of model parameters and mass
spectrum are listed in Table 4.1. We choose three benchmark points which simultaneously explain
the Higgs boson mass and the muon g − 2 anomaly: (m1/2,m0, A0) = (2150, 130, 0), (2000, 400, 0),
(2080, 450, 1000) as Point (1), (2), (3), respectively. These points are marked by (1)-(3) in Fig. 4.6.
We show in the table the mass eigenvalues of scalar superpartners which are related to the quantum
corrections to the Higgs boson mass and the muon g − 2: the stop (mu˜3L,3H ), the smuon (me˜2L,2H ),
the sneutrino of 2nd generation (mν˜2), the vector-like up-type squarks (mu˜4L,4H,5L,5H ), the vector-
like charged sleptons (me˜4L,4H,5L,5H ), and the vector-like neutral sleptons (mν˜4,5). The labels L and
H of the stop and smuon mean that L is lighter than H. For the vector-like generations, the mass
eigenvalues are arranged to be heavy in the order of 4L, 4H, 5L, 5H for squarks and charged sleptons,
and 4, 5 for neutral sleptons. In the MSSM, the stop masses are roughly needed to be 3−4 TeV for
the Higgs mass, though it depends on other parameters. In the VMSSM with the universal SUSY-
breaking parameters, the Higgs mass is reproduced by lighter stop masses. This is because we have
extra up-type (s)quarks that strongly couple to the Higgs fields, namely the Yukawa couplings of
vector-like quarks remains O(1) at low energy. That gives an additional quantum correction to the
Higgs boson mass and relaxes the requirement of large stop masses in the MSSM. As for the muon
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g − 2, the anomaly can be explained by 1 TeV smuon masses in the VMSSM. In this paper, we fix
tanβ = 17 to obtain the quark and lepton masses in the 2nd and 3rd generations. If the muon g−2
is evaluated with tanβ = 17 in the MSSM, the smuon masses are needed to be light and O(100)
GeV to explain the deviation [9,10]. In the VMSSM, one of the charged sleptons in the vector-like
generations, me˜4L in Table 4.1, becomes O(100) GeV. Moreover the Yukawa couplings between
the 2nd and vector-like generations, the 2-4 and 4-2 elements in (2.15), are nonzero. These facts
together mean that the muon couplings (3.13)-(3.16) give sizable g − 2 contributions from extra
generations. In the end, the deviation between the SM theoretical values and the experimental
measurement can be explained even if the smuon masses are much heavier than the MSSM.
Finally we comment on the flavor constraints in the VMSSM. Notice that the following is a
tentative analysis which depends on how to realize the generation mixing including (the Yukawa
couplings of) the first generation. A typical experimental bound in the quark sector comes from
the unitarity of the generation mixing matrix, which is numerically confirmed to be satisfied with
heavy vector-like generations. In the lepton sector, the muon has sizable couplings to the vector-
like generations, which would induce flavor-changing rare processes.3 The flavor mixing including
the third generation (τ) is expected to be small since µ-τ has no coupling in (2.15) and is only
radiatively induced. On the other hand, the muon decay, especially µ → eγ, would be induced
through the slepton mixing which is represented by the product of couplings among the first two
generations and vector-like ones. A previous analysis shows the branching ratio of µ→ eγ becomes
O(10−13) which is almost the same order of the experimental bound [28], when the above product
of couplings is O(10−1) [29]. In the present model, the muon coupling to the vector-like generations
is found to be O(10−1) at low energy and that of the electron is expected to be smaller. Thus,
within the region where the Higgs boson mass and the muon g − 2 are explained simultaneously,
the µ→ eγ decay would not be comparable with the experimental bound.
5 Conclusion
In this paper, we have studied the Higgs boson mass and the muon g − 2 anomaly in an extension
of the MSSM by introducing one pair of vector-like generations. Compared with the MSSM, the
Higgs mass is reproduced with a lighter stop, while the muon g − 2 is fitted by a heavier smuon.
As a result, we found that these two experimental values can be explained simultaneously in wide
regions of SUSY-breaking parameter space. The model parameters are controlled by the strong
gauge coupling (and the gluino mass) through the infrared convergence of RG evolution. Due to
this feature, the quark and lepton Yukawa couplings at high energy and the SUSY mass spectrum
3For the neutrino physics with low-scale vector-like generations, see [27] for example.
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at low energy are highly restricted, which leads to distinctive physical predictions. Among them,
the gluino mass becomes around 900 GeV and the lightest neutralino and chargino are O(100) GeV
with the Higgs mass and the muon g − 2 being realized. These mass regions would be measurable
in near future experiments.
We comment on the phenomenology of the singlet superfield Φ, whose fermionic component
is called the phino in this paper. The phino mass read from the superpotential and is given by
Y V where Y is the coefficient of the cubic term of gauge singlet Φ. The RG running of Y is
governed only by the Yukawa couplings involving Φ and does not contains any gauge couplings,
which mean Y is pushed down during the RG evolution. As a result, Y becomes O(10−2) at low
energy and the mass of phino is around or below 100 GeV. Since the lightest neutralino is around
200 GeV (see Table 4.1), the phino may be the lightest superparticle, which implies the neutral
and non-baryonic phino can be a reasonable candidate for the dark matter in the universe and may
also give characteristic collider signatures. That should be investigated in detail, together with
the phenomenology of the scalar component of Φ, e.g., a recent analysis of the 750 GeV diphoton
excess [30] with Φ and vector-like generations [31].
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A RG Equations for the VMSSM
We present the RG equations of model parameters in the VMSSM. Due to the asymptotically non-
free nature of the gauge sector, the two-loop RG equations are used for gauge coupling constants
and gaugino masses.
A.1 Gauge couplings and gaugino masses
The two-loop RG equations of gauge coupling constants gi and gaugino masses Mi (i = 1, 2, 3) are
given by
dgi
d(logµ)
= bi
g3i
16pi2
+
g3i
(16pi2)2
[∑
j
bijg
2
j −
∑
a=u,d,e
cia
[
Tr
(
y†aya
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+ y∗a¯ya¯
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−
4∑
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∑
x=Q,u,d,L,e
dixY
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xk
Yxk
]
, (A.1)
dMi
d(logµ)
= 2bi
g2iMi
16pi2
+
2g2i
(16pi2)2
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j
bijg
2
j (Mi +Mj) +
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a=u,d,e
cia
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Tr
(
y†aaa
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∗
a¯ya¯
]]
+
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k=1
∑
x=Q,u,d,L,e
dix(Y
∗
xk
Axk −MiY ∗xkYxk)
]
, (A.2)
where the one-loop beta function coefficients are bi = (53/5, 5, 1), and the coefficient matrices bij ,
cia, dix are
bij =
 977/75 39/5 88/313/5 53 40
11/3 15 178/3
 , (A.3)
cia =

u d e
26/5 14/5 18/5
6 6 2
4 4 0
, (A.4)
dix =

Q u d L e
2/5 16/5 4/5 6/5 12/5
6 0 0 2 0
4 2 2 0 0
. (A.5)
A.2 Yukawa couplings and bilinear terms
The RG equations of Yukawa couplings and the bilinear terms are given by
dyuij
d(logµ)
= (γuyu)ij + (yuγQ)ij + γHuyuij , (A.6)
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dydij
d(logµ)
= (γdyd)ij + (ydγQ)ij + γHdydij , (A.7)
dyeij
d(logµ)
= (γeye)ij + (yeγL)ij + γHdyeij , (A.8)
dyu¯
d(logµ)
= (γu¯ + γQ¯ + γHd)yu¯, (A.9)
dyd¯
d(logµ)
= (γd¯ + γQ¯ + γHu)yd¯, (A.10)
dye¯
d(logµ)
= (γe¯ + γL¯ + γHu)ye¯, (A.11)
dYQi
d(logµ)
= (YQγQ)i + (γQ¯ + γΦ)YQi , (A.12)
dYui
d(logµ)
= (γuYu)i + (γu¯ + γΦ)Yui , (A.13)
dYdi
d(logµ)
= (γdYd)i + (γd¯ + γΦ)Ydi , (A.14)
dYLi
d(logµ)
= (YLγL)i + (γL¯ + γΦ)YLi , (A.15)
dYei
d(logµ)
= (γeYe)i + (γe¯ + γΦ)Yei , (A.16)
dY
d(logµ)
= 3γΦY, (A.17)
dµH
d(logµ)
= (γHu + γHd)µH , (A.18)
dM
d(logµ)
= 2γΦM. (A.19)
The anomalous dimensions γ’s are
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A.3 A and B terms
The RG equations of SUSY-breaking A and B terms are given by
dauij
d(logµ)
= (γuau)ij + (auγQ)ij + γHuauij + 2(γ˜uyu)ij + 2(yuγ˜Q)ij + 2γ˜Huyuij , (A.33)
dadij
d(logµ)
= (γdad)ij + (adγQ)ij + γHdadij + 2(γ˜dyd)ij + 2(ydγ˜Q)ij + 2γ˜Hdydij , (A.34)
daeij
d(logµ)
= (γeae)ij + (aeγL)ij + γHdaeij + 2(γ˜eye)ij + 2(yeγ˜L)ij + 2γ˜Hdyeij , (A.35)
dau¯
d(logµ)
= (γu¯ + γQ¯ + γHd)yu¯ + 2(γ˜u¯ + γ˜Q¯ + γ˜Hd)au¯, (A.36)
dad¯
d(logµ)
= (γd¯ + γQ¯ + γHu)yd¯ + 2(γ˜d¯ + γ˜Q¯ + γ˜Hu)ad¯, (A.37)
dae¯
d(logµ)
= (γe¯ + γL¯ + γHu)ye¯ + 2(γ˜e¯ + γ˜L¯ + γ˜Hu)ae¯, (A.38)
dAQi
d(logµ)
= (AQγQ)i + (γQ¯ + γΦ)AQi + 2(YQγ˜Q)i + 2(γ˜Q¯ + γ˜Φ)YQi , (A.39)
dAQi
d(logµ)
= (γuAu)i + (γu¯ + γΦ)Aui + 2(γ˜uYu)i + 2(γ˜u¯ + γ˜Φ)Yui , (A.40)
dAdi
d(logµ)
= (γdAQ)i + (γd¯ + γΦ)Adi + 2(γ˜dYd)i + 2(γ˜d¯ + γ˜Φ)Ydi , (A.41)
dALi
d(logµ)
= (AQγL)i + (γL¯ + γΦ)ALi + 2(YLγ˜L)i + 2(γ˜L¯ + γ˜Φ)YLi , (A.42)
dAei
d(logµ)
= (γeAQ)i + (γe¯ + γΦ)Aei + 2(γ˜eYe)i + 2(γ˜e¯ + γ˜Φ)Yei , (A.43)
dAY
d(logµ)
= 3γΦAY + 6γ˜ΦY, (A.44)
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dbH
d(logµ)
= (γHu + γHd)bH + 2(γ˜Hu + γ˜Hd)µH , (A.45)
dbM
d(logµ)
= 2γΦbM + 4γ˜ΦM, (A.46)
where the definitions of γ˜’s are
γ˜Qij =
1
16pi2
[(
y†uau + y
†
dad
)
ij
+ Y ∗QiAQj +
(
8
3
g23M3 +
3
2
g22M2 +
1
30
g21M1
)
δij
]
, (A.47)
γ˜uij =
1
16pi2
[
2
(
auy
†
u
)
ij
+AuiY
∗
uj +
(
8
3
g23M3 +
8
15
g21M1
)
δij
]
, (A.48)
γ˜dij =
1
16pi2
[
2
(
ady
†
d
)
ij
+AdiY
∗
dj
+
(
8
3
g23M3 +
2
15
g21M1
)
δij
]
, (A.49)
γ˜Lij =
1
16pi2
[(
y†eae
)
ij
+ Y ∗LiALj +
(
3
2
g22M2 +
3
10
g21M1
)
δij
]
, (A.50)
γ˜eij =
1
16pi2
[
2
(
a†eye
)
ij
+AeiY
∗
ej +
6
5
g21M1δij
]
, (A.51)
γ˜Q¯ =
1
16pi2
(∑
i
Y ∗QiAQi + y
∗
u¯au¯ + y
∗¯
dad¯ +
8
3
g23M3 +
3
2
g22M2 +
1
30
g21M1
)
, (A.52)
γ˜u¯ =
1
16pi2
(∑
i
Y ∗uiAui + 2y
∗
u¯au¯ +
8
3
g23M3 +
8
15
g21M1
)
, (A.53)
γ˜d¯ =
1
16pi2
(∑
i
Y ∗diAdi + 2y
∗¯
dad¯ +
8
3
g23M3 +
2
15
g21M1
)
, (A.54)
γ˜L¯ =
1
16pi2
(∑
i
Y ∗LiALi + y
∗
e¯ae¯ +
3
2
g22M2 +
3
10
g21M1
)
, (A.55)
γ˜e¯ =
1
16pi2
(∑
i
Y ∗eiAei + 2y
∗
e¯ae¯ +
6
5
g21M1
)
, (A.56)
γ˜Hu =
1
16pi2
[
3 Tr
(
auy
†
u
)
+ 3y∗¯dad¯ + y
∗
e¯ae¯ +
3
2
g22M2 +
3
10
g21M1
]
, (A.57)
γ˜Hd =
1
16pi2
[
Tr
(
3ady
†
d + aey
†
e
)
+ 3y∗u¯au¯ +
3
2
g22M2 +
3
10
g21M1
]
, (A.58)
γ˜Φ =
1
16pi2
[∑
i
(
6Y ∗QiAQi + 3Y
∗
uiAui + 3Y
∗
di
Adi + 2Y
∗
LiALi + Y
∗
eiAei
)
+ Y ∗AY
]
. (A.59)
A.4 Soft scalar masses
We define the following functions to write down the RG equations of soft scalar masses:
f(x1, x2, x3; y; z) =
1
16pi2
(
x1yy
† + yy†x1 + yx2y† + x3yy† + zz†
)
, (A.60)
g(a, b, c) =
1
16pi2
(
32a
3
g23|M3|2 + 6bg22|M2|2 +
2c2
15
g21|M1|2
)
− c
80pi2
g21S, (A.61)
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S = Tr
(
m2Q − 2m2u +m2d −m2L +m2e
)
+m2Hu −m2Hd
−m2Q¯ + 2m2u¯ −m2d¯ +m2L¯ −m2e¯, (A.62)
where x1,2,3 are generally soft scalar masses in generation space and y, z are Yukawa couplings and
A parameters with generation indices. The RG equations of soft scalar masses are given by
dm2Q
d(logµ)
=
∑
x=u,d
f(m2Q,m
2
x,m
2
Hx ;y
†
u;a
†
u) + f(m
2
Q,m
2
Q¯,m
2
Φ;YQ;AQ)− g(1, 1, 1), (A.63)
dm2u
d(logµ)
= 2f(m2u,m
2
Q,m
2
Hu ;yu;au) + f(m
2
u,m
2
u¯,m
2
Φ;Yu;Au)− g(1, 0,−4), (A.64)
dm2d
d(logµ)
= 2f(m2d,m
2
Q,m
2
Hd
;yd;ad) + f(m
2
d,m
2
d¯,m
2
Φ;Yd;Ad)− g(1, 0, 2), (A.65)
dm2L
d(logµ)
= f(m2L,m
2
e,m
2
Hd
;y†e;a
†
e) + f(m
2
L,m
2
L¯,m
2
Φ;YL;AL)− g(0, 1,−3), (A.66)
dm2e
d(logµ)
= 2f(m2e,m
2
L,m
2
Hd
;ye;ae) + f(m
2
e,m
2
e¯,m
2
Φ;Ye;Ae)− g(0, 0, 6), (A.67)
dm2
Q¯
d(logµ)
= f(m2Q¯,m
2
u¯,m
2
Hd
; y∗u¯; a
∗
u¯) + f(m
2
Q¯,m
2
d¯,m
2
Hu ; y
∗¯
d; a
∗¯
d)
+ f(m2Q¯,m
2
Q,m
2
Φ;YQ;AQ)− g(1, 1,−1), (A.68)
dm2u¯
d(logµ)
= 2f(m2Q¯,m
2
u¯,m
2
Hd
; yu¯; au¯) + f(m
2
u¯,m
2
u,m
2
Φ;Yu;Au)− g(1, 0, 4), (A.69)
dm2
d¯
d(logµ)
= 2f(m2Q¯,m
2
d¯,m
2
Hu ; yd¯; ad¯) + f(m
2
d¯,m
2
d,m
2
Φ;Yd;Ad)− g(1, 0,−2), (A.70)
dm2
L¯
d(logµ)
= f(m2L¯,m
2
e¯,m
2
Hu ; y
∗
e¯ ; a
∗
e¯) + f(m
2
L¯,m
2
L,m
2
Φ;YL;AL)− g(0, 1, 3), (A.71)
dm2e¯
d(logµ)
= 2f(m2L¯,m
2
e¯,m
2
Hu ; ye¯; ae¯) + f(m
2
e¯,m
2
e,m
2
Φ;Ye;Ae)− g(0, 0,−6), (A.72)
dm2Hu
d(logµ)
= Tr
[
3f(m2Q,m
2
u,m
2
Hu ;y
†
u;a
†
u)
]
+ 3f(m2Q¯,m
2
d¯,m
2
Hu ; y
∗¯
d; a
∗¯
d)
+ f(m2L¯,m
2
e¯,m
2
Hu ; y
∗
e¯ ; a
∗
e¯)− g(0, 1, 3), (A.73)
dm2Hd
d(logµ)
= Tr
[
3f(m2Q,m
2
d,m
2
Hd
;y†d;a
†
d) + f(m
2
L,m
2
e,m
2
Hd
;y†e;a
†
e)
]
+ 3f(m2Q¯,m
2
u¯,m
2
Hd
; y∗u¯; a
∗
u¯)− g(0, 1,−3), (A.74)
dm2Φ
d(logµ)
= 12f(m2Q¯,m
2
Q,m
2
Φ;YQ;AQ) + 6f(m
2
u¯,m
2
u,m
2
Φ;Yu;Au)
+ 6f(m2d¯,m
2
d,m
2
Φ;Yd;Ad) + 4f(m
2
L¯,m
2
L,m
2
Φ;YL;AL)
+ 2f(m2e¯,m
2
e,m
2
Φ;Ye;Ae) + f(m
2
Φ,m
2
Φ,m
2
Φ;Y ;AY ). (A.75)
27
B Sfermion Mass Matrices in the VMSSM
In the VMSSM, the matter sector has five sets of generations (four copies of the usual generation
and one with opposite charges). The quarks and leptons have the 5 × 5 Dirac mass matrices mu,
md and me [Eqs. (2.8), (2.9) and (2.10)]. The mass squared matrices of squarks and sleptons, M
2
u˜ ,
M2
d˜
and M2e˜ , are 10 × 10 matrices and that of sneutrinos M2ν˜ is a 5 × 5 matrix, which are given by
M2u˜ =
(
m†umu 0
0 mum
†
u
)
+
(
m2u˜LL m
2
u˜LR
m2u˜RL m
2
u˜RR
)
, (B.1)
M2
d˜
=
(
m†dmd 0
0 mdm
†
d
)
+
(
m2
d˜LL
m2
d˜LR
m2
d˜RL
m2
d˜RR
)
, (B.2)
M2e˜ =
(
m†eme 0
0 mem
†
e
)
+
(
m2e˜LL m
2
e˜LR
m2e˜RL m
2
e˜RR
)
, (B.3)
M2ν˜ = m
2
ν˜LL
. (B.4)
The diagonal elements of the second matrix in each equation and m2ν˜LL in Eq. (B.4) come from the
soft scalar masses and D terms, which are given by
m2u˜LL =

u˜1L · · · u˜4L u˜5L
u˜1L
... m2Q + ∆ 1
2
, 2
3
0
u˜4L
u˜5L 0 m
2
u¯ + ∆0,− 2
3
, (B.5)
m2u˜RR =

u˜1R · · · u˜4R u˜5R
u˜1R
... m2u + ∆0, 2
3
0
u˜4R
u˜5R 0 m
2
Q¯
+ ∆− 1
2
,− 2
3
, (B.6)
m2
d˜LL
=

d˜1L · · · d˜4L d˜5L
d˜1L
... m2Q + ∆− 1
2
,− 1
3
0
d˜4L
d˜5L 0 m
2
d¯
+ ∆0, 1
3
, (B.7)
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m2
d˜RR
=

d˜1R · · · d˜4R d˜5R
d˜1R
... m2d + ∆0,− 1
3
0
d˜4R
d˜5R 0 m
2
Q¯
+ ∆ 1
2
, 1
3
, (B.8)
m2e˜LL =

e˜1L · · · e˜4L e˜5L
e˜1L
... m2L + ∆− 1
2
,−1 0
e˜4L
e˜5L 0 m
2
e¯ + ∆0,1
, (B.9)
m2e˜RR =

e˜1R · · · e˜4R e˜5R
e˜1R
... m2e + ∆0,−1 0
e˜4R
e˜5R 0 m
2
L¯
+ ∆ 1
2
,1
, (B.10)
m2ν˜LL =

ν˜1L · · · ν˜4L ν˜5L
ν˜1L
... m2L + ∆ 1
2
,0
ν˜4L
ν˜5L 0 m
2
L¯
+ ∆ 1
2
,0
, (B.11)
where ∆T3,q = (T3 − q sin2 θW ) cos(2β)m2Z , and T3 and q are the isospin for SU(2) and the electro-
magnetic U(1) charge for each field, respectively. The off-diagonal elements of the second matrices
in Eqs. (B.1)-(B.3) come from the superpotential and A terms, and are given by
m2u˜RL = (m
2
u˜LR
)† =

u˜1L · · · u˜4L u˜5L
u˜1R
... auijvu − µ∗Hyuijvd AuiV + YuiY ∗|V |2
u˜4R
u˜5R AQiV + YQiY
∗|V |2 au¯vd − µHyu¯vu
, (B.12)
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m2
d˜RL
= (m2
d˜LR
)† =

d˜1L · · · d˜4L d˜5L
d˜1R
... adijvd − µ∗Hydijvu AdiV + YdiY ∗|V |2
d˜4R
d˜5R AQiV + YQiY
∗|V |2 ad¯vu − µHyd¯vd
, (B.13)
m2e˜RL = (m
2
e˜LR
)† =

e˜1L · · · e˜4L e˜5L
e˜1R
... aeijvd − µ∗Hyeijvu AeiV + YeiY ∗|V |2
e˜4R
e˜5R ALiV + YLiY
∗|V |2 ae¯vu − µHye¯vd
. (B.14)
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